Choline acetyltransferase (CAT) activity has been measured in the nematode Ascaris lumbricoides.
As part of investigations into the cellular basis of behavior in nematodes, we are studying the localization of enzymes and receptors related to putative neurotransmitter substances in both neural and non-neural tissues in the large nematode Ascaris lumbricoides. Nematodes are excellent organisms in which to study localization of these molecules because they contain only a limited number of cells arranged in comparatively simple tissues, We have chosen to analyze localization in Ascaris because it is a large nematode with large nerve cells, some of which can be dissected for single-cell analysis. Most other nematodes are too small to allow the dissection of single nerve cells. However, since the anatomy of the nervous system of other nematodes is very similiar to that of Ascaris, it is reasonable to assume that this similarity will apply at the level of localization of enzymes and receptors and that cells containing a particular molecule in Ascaris will contain it in analogous cells in other nematodes as well.
In this paper we report the localization of choline acetyltransferase (CAT) (acetyl-CoA-choline acetyltransferase, EC 2.3.1.6) the enzyme which synthesizes acetycholine (ACh) within the motoneurons which innervate the body wall muscle cells of Ascaris. The anatomy of these motoneurons has been determined in detail by reconstruc-tion of serial sections (Stretton et al., 1978) . Based upon shape alone, they have been grouped into seven classes. The cell bodies of members of the seven classes are arranged in a repeating pattern in the ventral nerve cord. Each repeating unit contains 11 motoneurons; three classes are represented once in each repeating unit, and the other four classes are represented twice [3 + (2 X 4) = II]. Each motoneuron has a ventral process which projects a characteristic direction and distance in the ventral nerve cord. Neurons of five classes also have a process in the dorsal nerve cord. For each of these five classes, the ventral and dorsal processes are connected by a process which traverses the circumference of the animal embedded in the thin layer of hypodermal tissue which underlies the muscle cells (see Fig. 1 ). These branches have been referred to as commissures since they were discovered in the late 1800s (Hesse, 1892) . Because in other animals the term commissure has often been used to refer to bundles of neuron fibers, it is important to emphasize that the commissures referred to in this paper are single branches of identified motoneurons (Stretton et al., 1978) .
By taking advantage of the commissures, previous studies from this laboratory (for review, see Johnson and Stretton, 1980) have investigated the physiological properties of these motoneurons and have determined whether they make excitatory or inhibitory synapses (Stretton et al., 1978; . Three of the classes are excitatory motoneurons; two are inhibitory. The present study indicates that CAT activity is selectively elevated in strips of hypodermis containing the commissures of all members of the three classes of excitatory motoneurons. In contrast, CAT was not elevated when the strips contained commissures of the two classes of inhibitory motoneurons. This result adds a striking biochemical correlate to the anatomical and physiological characterization of motoneurons in Ascaris and provides strong, indirect evidence that ACh functions as a neurotransmitter of the Ascaris excitatory motoneurons. We predict that analogous motoneurons in other nematode species will also be cholinergic.
The results also indicate a second, non-neural localization of CAT. Low levels of CAT activity are found throughout body hypodermis; a much higher level of CAT exists in the hypodermis of the first 1 mm of the worm (C. D. Johnson and A. 0. W. Stretton, manuscript in preparation) . This result was unexpected, and the function of ACh synthesized in the hypodermis is currently under investigation.
Some of these results have appeared previously in abstract form (Johnson and Stretton, 1977) .
Materials and Methods
Ascaris !umbricoides var. suum was obtained from the small intestines of pigs at a local slaughter house. They were transported and maintained at 37°C in 1.5 mM NaOH, 150 mM NaCl or rn phosphate-buffered saline (PBS; 50 mM sodium phosphate, pH 7.4, 150 mM NaCI). Animals used in these experrments had been maintarned less than 2 days in vitro. In preparation for dissection of commissures, large (-30 cm) adult females were injected with 0.5 to 1 .O mg of collagenase (Worthington type CLS Ill or IV) or pronase (Calbiochem) in 0. that occurs five times along the length of the animal (Stretton et al., 1978) . In the fifth repeating unit the second 2R group merges with the 2RlL group to give a four to the right, one to the left (4RlL) group. Posterior to this there is an additional single left-handed commissure. In the first repeating unit, the initial 2R is reflected to the left and there is an additional (IR) commissure. Neurons within the first three repeats have been identified anatomically (Stretton et al., 1978) ; each 2R consists of a DEl/VI and each 2RiL includes DE2, DI, and DE3 neurons. Physiological studies of these neurons in the first three segments have demonstrated that all DE cells are excitatory, whereas all DI and VI cells are inhibitory . The results obtained assaying CAT wrthrn 16 groups of commissures from a single female Ascaris are shown in Figure 4 . Measurable levels of enzyme activity were observed in all of the strips of hypodermis assayed, whether they contained commissures or not. Depending on their identity, some of the strips containing commissures have clearly elevated CAT activity compared to adjacent strips which contain no commissure. In each repeating unit, four of the seven commissures have elevated CAT activity. The other three commissures do not have elevated CAT activity. Commissures with elevated CAT are identified as DE1 (the thrck members of the first two 2R groups), DE2 (thick right-handed member of the 2Rl L group), and DE3 (the single left-handed commissure). Those without CAT are identified as VI (thin members of the first two 2R groups) and DI (thin right-handed commissure in the 2Rl L group).
NERVE-RING
The results of many such localization experiments on each group of commissures are summarized in Table I . There was fairly large variation in the absolute levels of enzyme found in the excitatory motoneurons. Furthermore, CAT is found throughout the hypodermis and contributes significant background activity against which the neuronal contribution has to be assessed. The level of CAT in hypodermis varies systematically with body location (see below) and in some regions is so high that the neuronal involvement is not detectable. We therefore established arbitrary criteria in order to decide whether inclusion of a commrssure in the hypodermal strip elevated the measured CAT activity. By the criterion that CAT activity was elevated at least 2 times over the hypodermal control and that for commissure palm, one commissure contained at least 5 times as much CAT as the other, elevated CAT was observed in 281 commissures. By the more strrngent criterion that CAT activity was increased at least 5 times compared to the hypodermal control, elevated CAT was found in 180 commissures.
Of 206 experiments on pairs of right-handed commissures, CAT was observed by the first criterion in one commissure but not in the other in 184 cases. In no experiments did both members of a righthanded pair appear to contain CAT. In 113 experiments in which DEl/VI pairs were dissected from ventral hypodermis, the CATcontaining commissure was more anterior 105 times and more posterior 8 times; in all but 2 of the former, and in all 8 of the latter expertments the commissure with elevated CAT was clearly noted as being the thicker member of the pair. The CAT-containing commissure was anterior 111 18 of 22 experiments in which DEI/VI pairs were dissected from dorsal hypodermis. (There is little difference in the thickness of DE1 and VI commissures in dorsal hypodermis.) In hypodermal strips were frozen and thawed in 100 ~1 of HZ0 before being assayed in 5 ~1 at pH 7.0 (procedure 1; e.g., Fig. 4 ). This procedure was adopted because it yielded differential localization of CAT activity in excitatory motoneuron commissures (compared to inhibitory commissures and hypodermal TABLE II Average CAT activity of single commissures CAT activity was measured in 12 repeating units from five different animals, The average @SD) V,,,,/K, values obtained for hypodermal strips from 2R groups (n = 24) and for 2RlL groups (n = 12) are presented.
Neuronal CAT activity was obtained by subtracting the activity measured in adjacent control strips which contain no commissure.
All commissures were assayed in 10 ~1 at pH 8.1 for 30 to 51 hr. Figure 6 . CAT assay controls. Graphical representation of CAT assay controls which demonstrates acetyl-CoA dependence of CAT activity and illustrates the necessity for post-assay borohydride treatment. Each assay condition was used to measure activity in strips of hypodermis from a complete third repeating unit of a different animal. Graphical form and symbols are as in Figure 4 . A, CAT assay without borohydride treatment (+acetyl-CoA, no NaBH,). This condition measures both CAT and choline dehydrogenase.
B, Choline dehydrogenase activity measured in the absence of CAT activity (no acetyl-CoA, no NaBH,). Choline dehydrogenase IS not localized to neurons. C, Standard CAT assay condition (+acetyl-CoA, +NaBH4).
D, acetyl-CoA dependence of standard CAT assay condition (no acetyl-CoA, +NaBH,). The values obtained with this condition (average, 0.001 + 0.001 X lo-" liters/min) fail to register on the graph. All assays were performed
In 10 ~1 at pH 8.1 for 51 hr. Total extractable counts per minute and duplicate blanks, respectively, were: A, 70731 and 266, 276; B, 65042 and 203, 197; C, 69856 and 245, 255; D, 65694 and 168, 192. tissue. In all cases the increase is close to linear with time, indicating that the CAT activity is sufficiently stable to justify the use of long incubations.
The rate of ACh synthesis in the pool containing DE1 commissures is about 10 times that observed in pools of VI commissures or in the hypodermal control (Fig. 7A) . The activity measured in VI commissures is identical to that in control hypodermis; both of these activities, however, are significantly greater than the extremely low level of apparent ACh synthesis measured in the notissue blank (Fig. 7B) .
Further evidence that the product being monitored is indeed ACh was obtained by high voltage paper electrophoretic analysis. The final sample of the incubation media of the experiment described above and in Figure 7 was treated with borohydride and subjected to electrophoresis at pH 1.9 as described by Hildebrand et al. (1971) . All of the samples contained a peak of radioactivity at the position expected for ACh based upon a comparison with authentic unlabeled standards and its position relative to the main peak of unreacted
[3H]choline. The fractional conversion determined by electrophoretic analysis is very similar to that determined by the extraction assay.
For DE+l, ACh represented 8.4% of the extractable products observed in the electrophoresis run; it represented 7.8% of the total extractable counts per minute at the final time point in Figure 7 . The level of ACh synthesis determined by electrophoretic analysis in hypodermal strips containing VI commissures and in hypodermal controls was, in each case, about 10% of that seen in DE1 This is also in good agreement with the results of the extraction assay.
Finally, even the no-tissue blank had a small peak at the position of ACh in agreement with the slight rise in blank observed in Figure 7 .
As a final control, aliquots of the labeled compounds extracted Figure 7 . Linearity with time of commissure assay. Five strips of hypodermis, each containing a DEl, a VI, or no commissure, were combined and incubated in 50 ~1 at pH 8.1. At various times 5~1 samples were removed (the strips were left behind in the remaining medium), diluted to 100 ~1, and treated with borohydride. One 50.~1 aliquot was used for selective extraction of ACh, with another used to determine the total extractable counts per minute. A, Counts per minute were extractable as ACh in the incubations of hypodermal strips containing DE1 commissures (O), VI commissures (A), or no commissure (0) and in the no tissueblank (X). The dashed line to the open circle represents 5 ~1 of assay mixture removed from contact with hypodermal strips after the third time point. By comparing the ACh increase in this sample to that which remained in contact with the strips, we estimate that 89% of the assayable CAT activity in commissures is soluble. B, Counts per minute were extractable as ACh expanded 5 times, compared to A. Total extractable counts per minute was -5.5 X lo4 in all cases. ro & ; Q. 0 Johnson and Stretton Vol. 5, No. 8, Aug. 1985 from the paper after electrophoretic analysis were examined for extraction into scintillation fluid containing tetraphenylboron (data not shown). As expected, in all cases the product which had the electrophoretic mobility of ACh was extracted, and this extraction was unaffected by choline kinase either alone or in combination with borohydride. Extraction was completely suppressed by treatment with acetylcholinesterase and choline kinase. By all of these criteria, the reaction product is authentic ACh.
Discussion
In this paper, we describe the localization of CAT, the enzyme which synthesizes the putative neurotransmitter ACh within the commissures of identified motoneurons from the large parasitic nematode Ascaris lumbricoides var. sum. The assay we used to measure CAT is a micromodification of a published single-vial biphasic liquid extraction assay (Rand and Johnson, 1981) which monitors the conversion of [3H]choline to acetylj3H]choline by selective extraction of ACh into scintillation fluid containing tetraphenylboron. Compared to high voltage paper electrophoresis which has been used to perform this separation in the past (e.g., Hildebrand et al., 1974 ) the level of post-assay manipulation has been greatly reduced such that the large number of determinations involved in this study could be performed with relative ease. In order to measure the small amount of CAT in single commissures, we increased the sensitivity of the method by (1) decreasing the volume and (2) increasing the incubation time under conditions where the enzyme is stable. The absolute sensitivity appears eventually to be limited by the low level of nonenzymatic ACh synthesis we observe in notissue blanks (Fig. 7) which is -0.5 x 10-I' liters/min in a IO-~1 incubation volume.
During the course of these experiments we found that, in its simplest form, the extraction assay is sensitive to interference by betaine aldehyde, the product of choline oxidation (both spontaneous and choline dehydrogenase catalyzed). This interference had not been emphasized previously (Rand and Johnson, 1981) since the tissues in which CAT was assayed did not contain appreciable choline dehydrogenase activity, whereas in the Ascaris tissue, there are significant levels of this enzyme. We have eliminated this interference by routinely including borohydride treatment in the postassay termination procedure. It should be noted that, unless an alkaline or cholinesterase-hydrolyzed control is performed, high voltage paper electrophoresis assay of ACh is also sensitive to this In addition to the availability of a sensitive CAT assay, two other factors combine to allow determination of CAT localization in identified motoneurons. First, extensive anatomical studies of Ascaris motoneurons (Stretton et al., 1978) by reconstruction of serial sections had examined the correlation of commissure position with identified motoneurons. Second, a method for removing the muscle cells which cover the hypodermis and the commissures by injecting intact animals with proteases has been developed. During the course of preliminary experiments, it became clear that the level of protease used to remove muscle can affect the amount of CAT measured in commissures. This is most obvious when hypodermal strips from animals in which the hypodermis was separated from the cuticle or contained visible breaks were assayed. Such assays were routinely unsuccessful. Overdigestion problems are particularly acute in commissures of the first repeating unit. Perhaps because the muscle layer which covers these commissures is thinner than in more posterior regions of the worm, these commissures are often overdigested before the muscle covering more posterior commissures has dissociated. We believe that overdigestion explains the relative difficulty in detecting selective localizations of CAT in the anterior part of the worm. Overdigestion is not as serious a problem in the second through fifth repeats, and as seen in Table I , localization in this part of the animal was much more reproducible.
CAT activity has been determined in all of the commissures in the second through the fifth repeating units as well as in the last three commissures of the first repeating unit (Table I) . These include commissures from six DE1 , three DE2, and three DE3 motoneurons that had previously been identified as excitatory motoneurons by physiological experiments ; all of them contain CAT. The commissures of six VI and three DI motoneurons which had been identified as inhibitory motoneurons do not contain CAT.
Cells with commissures in the fourth and the fifth repeating units had not been previously identified by anatomical or physiological means. One conclusion of these studies, therefore, is that those cells in the fourth and fifth repeating units which contain CAT are presumptive excitatory motoneurons, whereas those which contain no CAT are presumptive inhibitory motoneurons. The pattern of commissures previously observed in the first three repeating units of Ascaris (three right-handed pairs of commissures, each containing one excitatory and one inhibitory motoneuron commissure, followed by a single excitatory commissure to the left) appears on the basis of CAT localization to continue into the fourth and fifth repeating units.
The level of CAT selectively localized in excitatory commissures averages about 2 x IO-" liters/min in V,,,,,/K, units. If we assume a K, of 5 PM, then this level of CAT represents V,,,,, = lo-' pmol/ mln under the conditions of our assay. The value taken for the K, is that measured for nematode CAT purified from Caenorhabditis elegans (Rand and Russell, 1985) and assayed under identical conditions. In order to arrive at an estimate of the number of CAT molecules in a commissure, we have compared our assay procedure to that of Fonnum (1975) . We found that under the latter conditions the V,,,,, of nematode CAT was 134 times larger than that which we obtained with our assay conditions. Purified CAT from several species has been shown, using the Fonnum (1975) assay, to have a specific activity of -100 pmol/min/mg of protein and M, of -70,000 (e.g., Rossler, 1976; Eckenstein and Thoenen, 1982; Cozzari and Hartman, 1983; Hersh et al., 1984; Rand and Russell, 1985) . Using these values we can calculate that the piece of commissure we have assayed contains -1 O7 molecules of CAT. Hildebrand et al. (1974) have measured the CAT activity of single cholinergic sensory neurons in the lobster. These authors found !I,,,,, = 2.8 x 1O-7 ~mol/min/cm of axon length. Under the conditions of their assay we find that the V,,,,, of nematode CAT is 18 times larger than under our assay conditions. In addltton, the axons they were measuring are 25 pm in diameter, whereas the commissures of Ascaris are only -10 pm in diameter and 0.4 cm long; If Ascaris neurons contained the same concentration of CAT, we would have expected 3 x lo-' pmol/min/commissure, suggesting that the CAT activity in lobster neurons and Ascaris excitatory motoneuron commlssures is similar.
Based upon the localization of CAT, we suggest that all three classes of dorsal excitatory (DE) motoneurons in Ascaris utilize ACh as a neurotransmitter. This suggestion is supported by the observation (Johnson and Kass, 1978; Walrond and Stretton, 1985) that the synapses of the DE motoneurons made both to muscle cells and to other neurons are sensitive to d-tubocurarine. Earlier studies by del Castillo et al. (1963) , which examined the electrical responses due to localized iontophoresis of ACh onto various regions of Ascaris muscle cells and the effects of drugs on these responses, also support the suggestion that ACh is an excitatory transmitter at nematode neuromuscular junctions.
Two classes of motoneurons in Ascaris (V-l and V-2; Stretton et al., 1978) have no commissure and cannot be examined with the techniques used to dissect single neurons in this paper. The shape of these cells, their positions in nerve cords, and their synaptic connections in the ventral nerve cord parallel those of the DE motoneurons in the dorsal nerve cord (Walrond and Stretton, 1985) . We believe, therefore, that they are the ventral excitatory motoneurons and that they WIII also use ACh as their neurotransmitter. Based upon the present evidence, the neurotransmitter of the inhibitory motoneurons (VI and DI) is not ACh. Since Ascaris muscle is known to be hyperpolarized by 4-aminobutyric acid, it has been suggested that GABA may be the inhibitory transmitter, but direct evidence IS lacking (del Castillo et al., 1964) .
During studies of CAT localization in commissures, we were surprised to find that CAT is also localized in the hypodermis and is especially concentrated in hypodermis in the anteriormost 0.1 cm (C. D. Johnson and A. 0. W. Stretton, manuscript in preparation). What role CAT and the ACh it may synthesize in the hypodermis play in the physiology of nematodes is not yet clear. If hypodermal ACh were to be released, it might cause tonic contraction of the somatic musculature. The existence of a tonic source of ACh release In Ascaris was also suggested by del Castillo et al. (1963) , who showed that d-tubocuranne hyperpolarized muscle cells in the absence of applied ACh.
The function of ACh is also being actively studied, utilizing biochemical and genetic techniques in the small soil nematode Cae-
